1. Gender differences in fat oxidation at rest and during exercise may contribute to higher body fat in women. We examined gender differences in fat oxidation at rest and during submaximal exercise and their relationship to sympathetic nervous system activity, free fatty acid availability, body composition and aerobic capacity in older volunteers.
INTRODUCTION
utilization predict subsequent weight gain [2] . Thus, gender differences in substrate utilization may partially contribute to greater adiposity in women compared with men.
Fat is an important oxidative fuel in humans at rest [3] and during exercise of low to moderate intensity [4] . The primary source of fat substrate is adipose tissue-derived free fatty acids. Release of free fatty acids from adipose tissue (i.e. lipolysis) is regulated, in part, by sympathetic nervous system stimulation of α-and β-adrenergic receptors [5] . Subsequent oxidation of plasma free fatty acids occurs as a function of plasma free fatty acid concentrations [6] . Thus, variation in sympathetic nervous system activity among individuals may contribute to differences in free fatty acid mobilization and fat utilization. Indeed, recent findings suggest gender differences in the activity of the sympathetic nervous system [7] [8] [9] [10] [11] [12] . However, the question of whether variation in sympathetic nervous system activity contributes to gender differences in substrate utilization has not been examined. Thus the purpose of this study was to investigate gender differences in fat oxidation at rest and during submaximal exercise in older men and women, and to explore the possible contribution of variation in sympathetic nervous system activity to these differences. Additionally, we considered the possible contribution of body composition and aerobic capacity to gender differences in fat oxidation at rest and during exercise.
METHODS

Subjects
Twelve healthy older men (70p4 years) and 12 healthy older women (66p4 years) were tested. Subjects were recruited from newspaper advertisements from the Burlington, Vermont area. Each subject met the following criteria : (1) no history of cardiovascular disease, (2) normal ECG at rest and during an exercise test, (3) normal blood pressure (supine blood pressure 140\ 90 mmHg), (4) no history of diabetes mellitus, renal failure or liver disease, (5) no medication that could influence cardiovascular function or energy expenditure, (6) non-smoking and no nicotine use within the previous 3 months and (7) weight stability (p2 kg) during the past year. No patient was participating in a formal exercise programme at the time of testing and no women were taking hormone replacement therapy. The nature, purpose and possible risks were explained to each subject before they gave written consent to participate. The experimental protocol was approved by the Committee on Human Research at the University of Vermont.
Experimental protocol
All subjects underwent an outpatient visit at which time body composition was measured and a peak oxygen consumption test was performed on a stationary cycle ergometer. At least 1 week and no longer than 1 month after this initial outpatient visit, patients were admitted to the General Clinical Research Center between 14 : 00 and 16 : 00 h. Subjects consumed a standard meal (approx. 4184 kJ ; 55 % carbohydrate, 30 % fat, 15 % protein) at 18 : 00 h and were fasted thereafter. At 07 : 00 h the following morning, an intravenous line was placed in a forearm vein for infusion of isotopes. A second line was placed retrograde in a dorsal vein of the contralateral hand for arterialized-venous blood sampling using the heated-hand technique. After 30 min in a supine position, indirect calorimetry was performed. Patients were moved to a seated position and non-primed, constant infusions of [1-"%C]palmitic acid (0.27 µCi\min) bound to human albumin and [7-$H]noradrenaline (0.71 µCi\min) were started. Exact isotope infusion rates were calculated by measuring palmitic acid and noradrenaline specific activity in samples of the infusates. Approximately 90 min after the start of the infusions, subjects began exercise on a cycle ergometer at 45 % of peak oxygen consumption for 30 min.
Free fatty acid kinetics
Free fatty acid kinetics were determined using the method of Miles et al. [13] , as previously described [14] . Serum free fatty acid concentrations were measured using a modification of an enzymic technique (Wako Chemicals, Richmond, VA, U.S.A.), as described previously [14] . Blood samples were taken at 60, 70, 80 and 90 min after the start of the infusion, and at 100, 110 and 120 min, for determination of resting and exercising free fatty acid kinetics respectively. Steady-state conditions were achieved for tracer and tracee at rest. Thus, the mean free fatty acid concentration and free fatty acid appearance rate were taken from the four time points. During exercise, non-steady-state conditions prevailed. The nonsteady-state equation of Steele [15] was therefore used to calculate free fatty acid appearance rate assuming an effective volume of distribution for free fatty acids of 90 ml\kg [16] . Repeat determinations (approx. 2 weeks apart) of resting free fatty acid appearance rate in 10 older men yielded a coefficient of variation of 13 % and an intra-class correlation of 0.95 [14] .
Indirect calorimetry
Oxygen utilization (VO # ) and carbon dioxide production (VCO # ) at rest were determined using the ventilated hood technique and during exercise using a values along with overnight urinary nitrogen excretion were used to calculate resting fat oxidation rates (mg\min) with the tables of Lusk [17] . Fat oxidation during exercise was calculated assuming that nitrogen excretion was 80 µg:min −" :kg −" [18] . Fat oxidation in µmol per min was obtained by dividing the rate of fat oxidation in mg per min by 861 (molecular mass of typical triacylglycerol) and multiplying by three (number of fatty acids per mole of triacylglycerol [19] ). Gender differences in fat metabolism at rest and during exercise
Noradrenaline kinetics
Plasma noradrenaline kinetics were performed using a modification of the tritiated isotope dilution method of Esler et al. [20] , as described previously [21] . After starting the infusion, arterialized blood samples were drawn at 50, 55 and 60 min for determination of resting plasma noradrenaline concentrations, and at 100, 110 and 120 min for determination of exercising plasma noradrenaline concentrations and the rate of appearance and clearance of noradrenaline. Steady-state conditions were achieved for tracer and tracee at rest. Thus the mean plasma noradrenaline concentration and rates of appearance and clearance of noradrenaline from the three resting time points were calculated. Noradrenaline plasma clearance rates (l\min) were calculated as infusion rate (c.p.m.\min) divided by c.p.m.\l plasma (mean of three samples corrected for extraction recovery). Appearance rates (µg\min) were calculated as clearance (l\min) times plasma noradrenaline concentration (µg\l). Because steady-state conditions did not prevail during exercise, only plasma noradrenaline levels (and not noradrenaline kinetics) are presented. Coefficients of variation for repeat determinations of resting noradrenaline concentrations, rate of noradrenaline appearance and noradrenaline clearance in 10 men were 16.9, 13.9 and 2.1 % respectively [14] .
Body composition
Body density was measured by underwater weighing with simultaneous measurement of lung volume by helium dilution. The Siri equation [22] was used to estimate percentage body fat. Fat-free mass was calculated as total body weight minus fat weight.
Peak oxygen consumption
Peak oxygen consumption was determined by a progressive test to exhaustion on a cycle ergometer, as described previously [23] .
Statistics
Differences in physical characteristics were determined by an unpaired, Student's t-test. Exercise oxygen consumption data, resting noradrenaline kinetics, resting and exercising free fatty acid kinetics and fat oxidation were compared between men and women by a repeated measures analysis of variance with gender (male\female) as the between-group factor and time (rest, 10, 20 and 30 min of exercise) as the within-group factor. A repeated measures analysis of variance was also used to evaluate steady-state conditions for noradrenaline and palmitic acid. Differences in fat oxidation data, plasma noradrenaline concentrations and peak oxygen consumption between men and women were evaluated after removing the effects of various covariates using analysis of covariance. Analysis of covariance adjusts group means for the linear relationship between the dependent variable and the covariate. We have previously detailed the mathematical basis of this procedure [24] and described its use in adjusting physiological measures [24, 25] . All values are meanspS.D., unless otherwise specified.
RESULTS
The physical characteristics of the subjects are shown in Table 1 . The men were older (P 0.05), with a greater body mass (P 0.05), fat-free mass (P 0.01), absolute peak oxygen consumption (P 0.01) and waist circumference (P 0.05), but a lower fat mass (P 0.01) and percentage fat (P 0.01), compared with the women. Peak oxygen consumption tended to be higher (P l 0.08) in men (2.27p0.52 l\min) than in women (1.78p 0.52 l\min) after statistical control for fat-free mass. Resting oxygen consumption was greater (P 0.01) in men (233p23 ml\min) than in women (190p21 ml\ min).
Absolute and relative oxygen consumption data during exercise are shown in Table 2 . Absolute oxygen consumption was higher in men at 10 (P 0.05), 20 (P 0.01) and 30 min (P 0.01) of exercise. Exercising oxygen consumption expressed relative to peak oxygen consumption was similar between men and women throughout exercise.
Resting noradrenaline concentrations and rates of appearance and clearance of noradrenaline in men and women are shown in Table 3 . No gender differences in these variables were found.
Noradrenaline concentrations at rest and during submaximal exercise are shown in Figure 1 . No gender differences in noradrenaline concentration were found at rest or at 10 min of exercise. However, noradrenaline concentrations were 36 % higher in men at 20 min (P 0.05) and 45 % higher at 30 min (P 0.01) of exercise compared with women. After statistical control for exercising oxygen consumption, noradrenaline concentrations were higher in men at 10 (4.33p 1.59 versus 2.87p1.56 pg\ml ; P 0.05), 20 (5.12p1.64 versus 2.65p1.64 pg\ml ; P 0.01) and 30 (5.01p1.90 versus 3.04p1.90 pg\ml ; P l 0.05) min of exercise.
Plasma free fatty acid concentrations, rate of appearance of free fatty acids, fat oxidation and respiratory quotient at rest and during exercise are shown in Figure  2 . No gender differences in free fatty acid concentrations or the rate of appearance of free fatty acids were found at rest or during exercise. Fat oxidation was higher in men at rest (P 0.01) compared with women and remained higher after statistical control for resting oxygen consumption (men : 84p22 µmol\min versus women : 55p 23 µmol\min ; P 0.05), noradrenaline appearance rate (men : 86p17 µmol\min ; women : 53p18 µmol\min ; P 0.01), peak oxygen consumption (men : 83p 24 µmol\min versus women : 56p24 µmol\min ; P 0.05) or fat-free mass (men : 82p24 µmol\min versus women : 57p26 µmol\min ; P 0.05). Fat oxidation was higher (P 0.01) at all exercise time points in men compared with women. After statistical adjustment for oxygen consumption, no significant differences in fat oxidation were found between men and women at 10 (234p100 versus 185p100 µmol\min), 20 (340p114 versus 410p114 µmol\min) or 30 min of exercise (415p114 versus 408p125 µmol\min). Respiratory quotient was lower at rest in men (P 0.01) compared with women. Statistical control for fat-free mass (men : 0.79p0.05 versus women : 0.85p0.05 ; P 0.02) or noradrenaline appearance rate (men : 0.80p0.04 versus women : 0.85p0.04 ; P 0.01) did not affect gender differences in resting respiratory quotient (results not shown in Figure 2) . No gender differences in respiratory quotient were found during exercise. No gender differences were found in the relative change (i.e. percentage change from baseline) in free fatty acid concentrations, rate of appearance of free fatty acids or total body fat oxidation from rest to exercise (results not shown). The relative change in respiratory quotient from rest to all exercise time points was significantly greater in men than in women (P 0.05).
DISCUSSION
We examined gender differences in fat oxidation and sympathetic nervous system activity at rest and during submaximal exercise in older individuals. The main findings of the present study are : (1) resting fat oxidation was higher in older men compared with older women independent of differences in noradrenaline appearance rate, free fatty acid availability, body composition or aerobic capacity, and (2) despite higher plasma noradrenaline concentrations in men during submaximal exercise, no gender differences in the rate of appearance of free fatty acids or fat oxidation were found.
Resting conditions
Resting fat oxidation, as measured by indirect calorimetry, was lower in older women compared with older men on an absolute basis (42 % lower) and when respiratory quotient data were examined (6 % higher respiratory quotient in women). Lower absolute rates of fat oxidation in women may be explained by their lower energy expenditure [26, 27] . However, lower absolute fat oxidation persisted in women after statistical control for resting oxygen consumption. Additionally, lower fat oxidation was observed in women when respiratory quotient data were examined. Respiratory quotient is an indicator of the relative rate of substrate oxidation and is not related to resting energy expenditure (r l k0.22 ; P l 0.31 ; n l 24). Thus, a lower respiratory quotient suggests that, independent of the energy expended at rest, older women oxidize less fat than older men. These findings agree with previous work from our laboratory [1] and others [2] and suggest a sex dimorphism in postabsorptive substrate oxidation.
In a state of energy balance, fat oxidation must be equivalent to fat intake. Thus our finding that postabsorptive fat oxidation differs between older men and women has two possible interpretations : (1) the pattern of substrate oxidation throughout the day differs between older men and women, or (2) the relative intake of dietary fat differs between older men and women. We favour the former interpretation. The evidence that has led us to favour this explanation is 2-fold : (1) dietary intake data from 3-day food diaries showed no difference in the relative intake of dietary fat between men (29p8 %) and women (25p6%; P l 0.54), and (2) prior work by Zurlo et al. [2] showed a lower 24-h respiratory quotient in women compared with men despite 2 days of standardized diet before study. Thus we feel that our findings relate to a physiological sex dimorphism in postabsorptive substrate metabolism and not differences in dietary intake.
The next logical step is to explore hormonal and physiological factors which may explain gender differences in post-absorptive fat oxidation. One factor determining fat oxidation is plasma free fatty acid availability [6] . The sympathetic nervous system can alter plasma free fatty acid availability by regulating the rate of release of free fatty acids from adipose tissue stores (i.e. lipolysis [5] ). Thus we initially hypothesized that gender differences in sympathetic tone may partially explain gender differences in resting fat oxidation by affecting plasma free fatty acid availability. Our hypothesis was not borne out, however, since statistical control for noradrenaline appearance rate, a proxy of sympathetic nervous system activity [10, 28] , did not diminish gender differences in absolute or relative rates of fat oxidation. Moreover, no gender differences were found in resting free fatty acid appearance rate or plasma free fatty acid concentrations between men and women. Because variation in fat mass would influence fat oxidation by affecting plasma free fatty acid availability [29, 30] , the absence of gender differences in free fatty acid kinetics and plasma concentrations suggest that differences in fat mass would not explain the differences in fat oxidation between men and women. Thus our data do not support the notion that gender differences in resting fat oxidation are related to sympathetic nervous system activity, plasma free fatty acid availability or fat mass.
The mass of metabolically active tissue available to oxidize free fatty acids is another determinant of fat oxidation [31, 32] . In humans, fat-free mass is the most accurate reflection of the metabolically active tissue mass. Fat-free mass was 12 % greater in older men compared with older women. Thus greater fat oxidation in men may be partially due to their greater quantity of metabolically active tissue (i.e. mass effect). However, statistical control for fat-free mass did not diminish gender differences in fat oxidation when examined on an absolute or relative (respiratory quotient) basis. Moreover, gender differences in fat oxidation are probably not due to differences in intramuscular fat stores since recent data have failed to show gender differences in thigh fat content [33] , and because plasma free fatty acids represent the predominant source of fuel for fat oxidation at rest [34] . Thus, reduced fat oxidation in women is probably not related to the smaller quantity or composition of their metabolically active tissue.
Gender differences in fat oxidation may be caused by differences in the capacity of respiring tissue to oxidize fat. Although this was not examined in the present study, a tendency towards a greater peak oxygen consumption was found in men compared with women after statistical control for fat-free mass. Because the activity of enzymes involved in fat oxidation increases with training [35, 36] , greater fat oxidation in older men may be explained by their increased aerobic fitness. However, statistical control of fat oxidation for peak oxygen consumption did not diminish gender differences in fat oxidation. Thus greater fat oxidation at rest in men was not related to their greater aerobic fitness.
Variables not measured in the present study may explain gender differences in fat oxidation. Hormones such as insulin, cortisol and growth hormone can influence fat oxidation. However, these hormones primarily affect fat oxidation through changes in free fatty acid availability. Because the rate of appearance of free fatty acids and free fatty acid concentrations did not differ between men and women, it is unlikely that these hormones account for gender differences in fat oxidation. In the absence of differences in free fatty acid availability, gender differences in fat oxidation could be due to differences in the capacity to transport fatty acids to metabolically active tissue, the capacity of metabolically active tissue to oxidize available free fatty acids or a combination of both. Further research exploring differences in substrate delivery and utilization may help to elucidate the aetiology of gender differences in resting fat oxidation.
Submaximal exercise
Fat oxidation was examined during submaximal exercise to explore possible gender differences in substrate utilization during a period of metabolic stress. Fat oxidation was, on average, 56 % greater in men than in women on an absolute basis (indirect calorimetry), but did not differ on a relative basis (i.e. respiratory quotient data) during exercise. At first glance, these findings appear to be contradictory. It should be noted, however, that although men and women exercised at the same relative intensity (approx. 45 % of peak oxygen consumption), men exercised at a greater absolute workload (approx. 22.18 kJ\min versus 15.48 kJ\min in women, assuming 20.92 kJ per litre of oxygen consumed) because of their greater peak oxygen consumption. Thus, absolute rates of fat oxidation must be statistically adjusted for the exercise workload. After adjustment for exercising oxygen consumption, no gender difference in absolute fat oxidation was found. The gender difference in absolute fat oxidation was, therefore, primarily explained by the greater exercise workload in men.
It is unclear as to why gender differences in fat oxidation were evident at rest, but not during exercise. A recent review of the literature suggested that, on a relative basis, women oxidize more fat during exercise than men [37] . Our finding that the increase in respiratory quotient from resting to exercise-stimulated conditions was less in women than in men ( Figure 2 ) agrees with this conclusion. Thus, a greater capacity for fat oxidation during submaximal exercise in women may partially explain why gender differences in fat oxidation were not observed during submaximal exercise. That is, increased fat oxidation during exercise in women may overcome gender differences in fat oxidation at rest. The physiological mechanism for gender differences in the response of fat oxidation to exercise is unclear.
Despite greater plasma noradrenaline concentrations during exercise in men, an indicator of increased sympathetic nervous system activity [38] , free fatty acid appearance rate and free fatty acid concentrations did not differ between the sexes. This finding suggests that lipolysis is more sensitive to noradrenaline in women compared with men. Our results agree with those of Arner et al. [5] who found greater plasma glycerol levels during exercise in women compared with men despite similar plasma noradrenaline levels. Arner et al. [5] suggested that gender differences in lipolysis during exercise may be related to differences in the lipolytic activity of abdominal subcutaneous adipose tissue. Recent work by Jensen et al. [39] confirms that upper-body subcutaneous adipose tissue is more sensitive to the lipolytic effect of catecholamines in women than in men. Thus, regional differences in adipose tissue sensitivity to catecholamines may account for the fact that rate of appearance of free fatty acids and plasma free fatty acid concentrations were not higher during exercise in men compared with women despite higher plasma noradrenaline concentrations. Additionally, differences in regional free fatty acid mobilization during exercise could contribute to gender differences in the response of fat oxidation to exercise (i.e. differences in the change in respiratory quotient from rest to exercise) if tissues exposed to newly released free fatty acids differ in their capacity to utilize free fatty acids. Further studies examining differences between men and women in regional free fatty acid mobilization and the capacity of localized tissue to utilize newly released free fatty acids may explain gender differences in the response of free fatty acid mobilization and utilization to exercise.
In conclusion, our findings show that men oxidize more fat than women at rest, but that differences in resting fat oxidation cannot be explained by variation in noradrenaline appearance rate, free fatty acid availability, body composition or aerobic capacity. Furthermore, despite higher plasma noradrenaline concentrations, no gender differences in the rate of appearance of free fatty acids or fat oxidation were found during submaximal exercise. The possible contribution of gender differences in fat oxidation to differences in adiposity and metabolic disorders awaits further study.
